Introduction {#s1}
============

Chemical signaling is an essential part of the regulation of mating in many insects, with a combination of pheromonal attractants and repellents indicating the suitability of prospective mates ([@bib25]). Several species have been shown to rely upon the transfer of an antiaphrodisiac from male to female during mating, the effect of which is to reduce the sexual attractiveness of females concurrent with a post-copulatory ovipositional period ([@bib26]; [@bib24]; [@bib30]; [@bib42], [@bib43]; [@bib27]; [@bib40]; [@bib2], [@bib3]; [@bib39]; [@bib44]). The mating male benefits from a reduced risk of sperm competition, while potential successor suitors avoid sperm competition as well as reduce the energetic costs and predation risks associated with courting a female that is unlikely to be receptive ([@bib25]; [@bib34]). Females benefit from this change in their chemical signature by a reduction in male harassment, which might otherwise negatively impact longevity, ovipositional opportunities, and predation avoidance ([@bib22]; [@bib33]; [@bib16]; [@bib15]; [@bib6]; [@bib19]). This system is particularly useful for species in which females mate only once and for whom a protracted or permanent loss of attractiveness has no negative consequences ([@bib25]). Similarly, mated females can also cease releasing their attractant pheromones ([@bib37]; [@bib28]; [@bib5]; [@bib20]; [@bib23]; [@bib35]), potentially adding to the impact of an antiaphrodisiac. However, in species with females that can or need to mate multiple times over their lives, the antiaphrodisiac might actually fail to accurately convey a female's reproductive state to conspecific males ([@bib34]).

Often the antiaphrodisiac consists of just one or at most a few chemicals that are repellant to males ([@bib27]; [@bib2]; [@bib39]; [@bib44]; [@bib46]; [@bib29]) or that mask a female's attractants ([@bib3]; [@bib48]; [@bib47]). These pheromones are emitted from the female over days or weeks until fully discharged or degraded, at which point the female can attract a new mate. One disadvantage of such a simple signaling system is that the amount of antiaphrodisiac being emitted by a female may not coincide with her readiness to mate again. A male's maturity, health, or the interval between insemination events can all influence the amount of antiaphrodisiac that he can transfer along with his sperm. There is even evidence that males can intentionally bias the size of their spermatophore in response to female mating history and the local level of intrasexual competition ([@bib31]). Such variability in the starting amount can result in a female being ready to mate well before a large load of antiaphrodisiac is sufficiently depleted for her to be attractive again, or being prematurely courted if the male transfers too little. Such signaling uncertainty is potentially costly to the fitness of both females and males, and should create selective pressure to produce a more accurate signaling system that incorporates information beyond the amount of remaining antiaphrodisiac ([@bib21]). To date, the only mechanism shown to allow females to counteract the effect of an antiaphrodisiac is in *Drosophila*, in which females actively eject mating-transferred cis-vaccenyl acetate from their reproductive tract ([@bib32]).

Females of the western tarnished plant bug, *Lygus hesperus* Knight, are polyandrous, mating repeatedly throughout their lives to ensure a steady supply of sperm and to maintain an elevated rate of oviposition ([@bib41]; [@bib11]; [@bib10]; [@bib8]). Mating also causes these females to become less attractive than virgins to males ([@bib41]; [@bib11]). A sex-pheromone has been identified for this species ([@bib13]), but there is no evidence that the release rate of this chemical blend is affected by the mating status of a female. All evidence suggests that *L. hesperus* female attractiveness is instead modulated by myristyl acetate (MA), a volatile compound transferred during insemination that is released via the female's vaginal pore, where it is detected by antennating males and acts as an antiaphrodisiac ([@bib7]). Mated females remain unattractive to males for a 4--5 day post-copulatory period during which they also become sexually unreceptive and increase their rate of oviposition ([@bib12]). MA is produced in the male accessory glands and transferred along with other components in the spermatophore during mating ([@bib7]). Some of these other seminal components may also play a role in male assessment of female mating history during courtship. Although females regain their attractiveness to prospective mates over time ([@bib41]; [@bib12]), the mechanism by which this is accomplished, either by passive degradation or active countermeasure, had not been determined.

Here, we undertook a detailed analysis of the composition of *L. hesperus* spermatophores and the compounds emitted by mated females to determine what other volatiles might shape male reproductive behavior and how the compounds change over time. We used gas-chromatography-mass spectrometry coupled with behavioral assays to identify compounds, in addition to MA, that are involved in modulating male responses to potential mates and to monitor their changing concentrations. We obtained the first evidence of a complex sexual communication system that actively counters the male chemical mate-guarding through use of an anti-antiaphrodisiac, to produce an honest indicator of female readiness to mate.

Results {#s2}
=======

Persistence of antiaphrodisiac effect {#s2-1}
-------------------------------------

Mated females are less likely to be courted by a male than virgin females on the first day after mating (χ^2^ = 19.309, df = 1, p\<0.001). However, this effect only persists for a few days and does not appear to influence the behavior of all potential mates ([Figure 1](#fig1){ref-type="fig"}). Over time the rate of courtship increases so that by five days after mating those females are as likely to be courted as virgins (χ^2^ = 0.004, df = 1, p=0.953). The variability and gradual increase in courtship observed may be the effect of changing levels of antiaphrodisiac being emitted by the female.10.7554/eLife.24063.003Figure 1.Proportion (±95% binomial confidence limits) of recently mated *L. hesperus* females courted by virgin males at different intervals after insemination relative to courtship rates for similarly aged virgin females.Numbers above bars indicate sample sizes. Rates of courtship differs significantly between mated and virgin females for each of the initial four days (2 × 2 χ^2^-tests, p\<0.05).**DOI:** [http://dx.doi.org/10.7554/eLife.24063.003](10.7554/eLife.24063.003)

Odorant components of spermatophore {#s2-2}
-----------------------------------

GC-MS was used to identify and quantify three compounds that are found in the male accessory glands and in spermatophores dissected from females at various dates after mating (an example chromatogram of a spermatophore measured two days after mating is provided in [Figure 2](#fig2){ref-type="fig"}). We confirmed the presence of the previously identified antiaphrodisiac ([@bib7]) myristyl acetate (MA), and also found two diterpenes, geranylgeranyl acetate (GGA) and geranylgeraniol (GGOH). The first two are found in high concentrations (tens of ng) in the male accessory glands, but GGOH is observed there only in trace quantities ([Figure 3](#fig3){ref-type="fig"}). When the spermatophore is sampled shortly after mating, the concentration of GGOH begins to increase, peaking two days later and subsequently declining. MA and GGA decline over this same period but the decrease in GGA is much more precipitous, likely as a result of the combined effects of externalization and conversion to GGOH. GC-MS analysis of the headspace of mated females over the same post-mating span indicated that these compounds were externalized in concentrations proportional to the amount found in the spermatophores, although by four days after mating the concentrations were too low to be accurately quantified ([Figure 4](#fig4){ref-type="fig"}).10.7554/eLife.24063.004Figure 2.MSD ion chromatograms on GC column of (**A**) the three standards, and (**B**) a hexane extract of five pooled spermatophores excised from females two days after mating.Highlighted by arrows are peaks with matching retention times for myristyl acetate (MA), geranylgeranyl acetate (GGA) and geranylgeraniol (GGOH). Also shown are the mass spectra and chemical structures for each of the three compounds: (**C**) MA, (**D**) GGA, and (**E**) GGOH.**DOI:** [http://dx.doi.org/10.7554/eLife.24063.004](10.7554/eLife.24063.004)10.7554/eLife.24063.005Figure 3.Mean concentration (± SD) of myristyl acetate (MA), geranylgeranyl acetate (GGA) and geranylgeraniol (GGOH) per individual sets of accessory glands (AG) of virgin males and in individual spermatophores from females sampled at daily intervals after mating.GC-MS was used to quantify ten samples consisting of five pooled spermatophores for each interval.**DOI:** [http://dx.doi.org/10.7554/eLife.24063.005](10.7554/eLife.24063.005)10.7554/eLife.24063.006Figure 3---source data 1.Contents of virgin male accessory glands and spermatophore taken from mated females either shortly after insemination or after a 1--5 day long interval.**DOI:** [http://dx.doi.org/10.7554/eLife.24063.006](10.7554/eLife.24063.006)10.7554/eLife.24063.007Figure 4.Mean concentration (± SD) of externalized myristyl acetate (MA), geranylgeranyl acetate (GGA) and geranylgeraniol (GGOH) found in the headspace of four groups each comprised of 20 females sampled at daily intervals after mating.Data is shown for calculated individual female emittance.**DOI:** [http://dx.doi.org/10.7554/eLife.24063.007](10.7554/eLife.24063.007)10.7554/eLife.24063.008Figure 4---source data 1.Headspace measures of four groups of 20 mated females sampled by SPME for 2 hr at 24 hr intervals, starting on the day of mating.**DOI:** [http://dx.doi.org/10.7554/eLife.24063.008](10.7554/eLife.24063.008)

Male responses to spermatophore components {#s2-3}
------------------------------------------

Male responses to the three compounds were tested using synthetic versions (500 ng in 1 µl of ethanol) applied topically to virgin females. The results varied significantly across the treatments (χ^2^ = 25.993, df = 7, p\<0.001). Males exhibited less interest in courting MA-treated females relative to controls ([Figure 5](#fig5){ref-type="fig"}; 2 × 2 χ^2^ = 5.762, df = 1, p=0.016). The male response to MA appears to be dosage dependent ([Figure 6](#fig6){ref-type="fig"}; χ^2^ = 37.466, df = 4, p\<0.001). Males courted treated females as often as controls when the topical application concentration was 5 × 10^−10^ g µl^−1^ (χ^2^ = 0.004, df = 1, p=0.953), but any amount of MA above that elicited a similarly significant suppression of courtship (p\<0.01) suggesting an activation threshold rather than a gradient response ([Figure 6](#fig6){ref-type="fig"}). Unlike MA, applications of either GGA (χ^2^ = 0.686, df = 1, p=0.407) or GGOH (χ^2^ = 0.041, df = 1, p=0.839) at the same dosage did not significantly change courtship behavior compared to ethanol ([Figure 5](#fig5){ref-type="fig"}). Courtship rates did not change when GGA was combined with MA (χ^2^ = 0.018, df = 1, p=0.894) or GGOH (χ^2^ = 0.041, df = 1, p=0.840) relative to individual applications of these compounds. In contrast, combining GGOH with MA counteracted the antiaphrodisiac effect of the latter so that courtship rates were as high as the control (χ^2^ = 0.168, df = 1, p=0.682). Topical application of 1 or 10 ng GGOH to newly mated females was also able to overcome the natural antiaphrodisiac effect of the full suite of seminal constituents ([Figure 7](#fig7){ref-type="fig"}; χ^2^ = 16.506, df = 3, p\<0.001). However, applying GGOH in combination with both MA and GGA did not prevent females from becoming as unattractive to males as females treated with just MA ([Figure 5](#fig5){ref-type="fig"}; χ^2^ = 6.994, df = 1, p=0.008), potentially indicating a synergistic effect of GGA with MA to reduce female attractiveness.10.7554/eLife.24063.009Figure 5.Proportion (±95% binomial confidence limits) of virgin females courted by virgin males after the females were topically treated with myristyl acetate (MA), geranylgeranyl acetate (GGA), geranylgeraniol (GGOH), or a combination of the compounds (5 ng compound in 1 µl of ethanol), and with ethanol as control.Treatments with an asterisk over them differed significantly in frequency from the EtOH control (2 × 2 χ^2^-tests, p\<0.05). For all treatments, n = 50.**DOI:** [http://dx.doi.org/10.7554/eLife.24063.009](10.7554/eLife.24063.009)10.7554/eLife.24063.010Figure 6.Proportion (±95% binomial confidence limits) of virgin females courted by males after the females were topically treated with one of four concentrations of myristyl acetate (MA) in ethanol or ethanol alone (n = 111 each).An asterisk indicates a treatment that evoked significantly fewer courtships than the ethanol control (2 × 2 χ^2^-tests, p\<0.05).**DOI:** [http://dx.doi.org/10.7554/eLife.24063.010](10.7554/eLife.24063.010)10.7554/eLife.24063.011Figure 7.Proportion (±95% binomial confidence limits) of similarly aged females courted by virgin males.The females were virgins or newly mated and treated topically with ethanol, or mated and treated with 1 or 10 ng GGOH in ethanol (n = 100 each). Only ethanol treated mated females were courted less often than control virgins (χ^2^ =12.654, df = 1, p\<0.001), indicating that GGOH can counter the full antiaphrodisiac blend of a mated female at biologically relevant doses.**DOI:** [http://dx.doi.org/10.7554/eLife.24063.011](10.7554/eLife.24063.011)

Discussion {#s3}
==========

Mating causes a precipitous decline in the attractiveness of an *L. hesperus* female ([@bib41]), but over the course of several days she becomes increasingly likely to be courted by males ([@bib11]). Our previous investigation of this phenomenon led us to conclude that when a male inseminates a female, he transfers an antiaphrodisiac that is slowly released through the female's gonopore and dissuades other males from courting her, and that the gradual dissipation of this antiaphrodisiac restores the female's attractiveness ([@bib7]). This simple picture was consistent with the conclusions of previous antiaphrodisiac studies ([@bib2], [@bib3]; [@bib39]; [@bib22]; [@bib14]; [@bib38]), however the results of our current investigation indicate a more complicated signaling system regulating *L. hesperus* reproductive behavior. Three compounds appear to be involved: myristyl acetate, the previously identified antiaphrodisiac ([@bib7]), geranylgeranyl acetate and geranylgeraniol. The final compound, rather than being transferred directly from the male like the first two, is primarily produced within the female via chemical conversion of the GGA. While MA's role has been reconfirmed here, GGOH appears to play a counteracting role, diminishing or negating the effect of MA. In no instance did application of GGOH result in courtship rates being elevated above that for solvent controls, indicating that the compound does not act as an attractant or excitatory agent. The only observable effect was to counteract the antiaphrodisiac effect, thus GGOH appears to serve as an anti-antiaphrodisiac.

The signaling function of GGA is not as easily categorized. When applied by itself, GGA did not significantly affect male courtship rates, although some depression is visible. GGA also did not make females less likely to be courted when combined with MA. Of course the dose of MA used in the mixture may have been sufficient to achieve the maximal level of repellency to males by itself, leaving little room for an additive effect to be observed. However, when added to a mix of MA and GGOH, GGA was able to counteract the anti-antiaphrodisiac effect of GGOH. The resulting reduction in female attractiveness suggests that GGA contributes towards the antiaphrodisiac effect, but only in a context-specific manner. The depletion of GGA over time will diminish this repellant effect, and when combined with the commensurate increase in GGOH, will accelerate the process of the female again becoming attractive.

Compared to our previously hypothesized single-compound signal communication system of *L. hesperus*, the greater complexity we have found could facilitate much better coordination between male courtship and the cessation of the female refractory period. During this three to seven day span subsequent to insemination, a female refrains from interaction with courting males ([@bib11]), a behavioral transition largely driven by male seminal products ([@bib11]; [@bib9]). Because the female may copulate several times throughout her life ([@bib41]; [@bib8]), she cannot afford to have prospective mates repelled by an overly persistent antiaphrodisiac. For a certain period after mating an antiaphrodisiac would be an honest indicator of a female's receptivity and would help prevent males from engaging in unnecessary sperm competition ([@bib21]; [@bib34]). However, given that the amount of MA that a male transfers can be highly variable, the signal would not be a reliable indicator of a female's suitability and readiness to mate over the natural refractory period. Like females of *Pieris napi* ([@bib1]), there is no indication that *L. hesperus* females can modulate the rate of antiaphrodisiac release, so they are unlikely to have control over how quickly the supply can be depleted. Thus, if the initial MA concentration in a spermatophore is quite high, such as when contributed by a male that has not mated for a week or more, the female would be rendered unattractive well past when she again becomes reproductively receptive such that both sexes lose out on potential mating opportunities. If the initial MA is quite low, such as when contributed by a male that had already mated within the past day, a still refractory female would be harassed by unwanted suitors.

By utilizing additional signaling elements in this reproductive communication system, males can more accurately estimate the likelihood that a female is suitable to mate again, an added capability that would have been selectively favored ([@bib4]; [@bib21]). During the first couple of days after mating when male courtship is inhibited ([@bib12]), the combined emissions of MA and GGA are greater than GGOH. Once there is sufficient GGOH produced to offset the antiaphrodisiac effect, subsequent males will try to court a mated female. The starting concentration of MA and GGA can vary, so long as they are above activation thresholds needed to repel other males. The relative quantities of MA and GGA transferred from a male are consistently similar although absolute amounts can vary between males. The amount of GGOH ultimately produced within the female is intrinsically tied to the starting quantity of GGA. Thus the signaling system is not affected by the variability between males in the quantities of pheromones transferred because only the time-dependent ratios are what matter. A high starting concentration of GGA will eventually produce a commensurately high concentration of GGOH to offset a high starting level of MA. So long as the conversion of GGA to GGOH occurs at a predictable rate, males will be able to accurately determine when a female is ending her refractory period.

It is likely that a combination of absolute quantities and relative proportions of these chemicals determine female attractiveness. This is suggested by some apparent inconsistency in the data. By the second day after mating, the concentration of GGOH appears comparable to that of MA, and GGA is substantially reduced. Despite these early shifts in proportions, the courtship rates remain suppressed until the fifth day after mating. GGA at this late stage may have fallen to such a low level that it no longer has a synergistic effect with MA to counteract the GGOH. We show here that MA has an activation threshold to be effective, but after that relative amounts of GGA and GGOH may be key modulators. Relative amounts of other, as yet unidentified, minor seminal constituents might also influence female attractiveness. Another consideration is that the threshold concentration identified for MA, and activation concentrations of the other compounds, may be substantially lower than our tests indicate. The external application of the chemical compounds does not fully mimic their normal release from the female gonopore. Applied chemicals can rapidly degrade, volatilize, or bind with chemicals on the cuticle. This would quickly diminish the perceivable amounts of the regulatory pheromones during the course of the bioassay, so that females avoided by males at the start were attractive again by the end. With each compound having different chemical properties, the effects of external application will not necessarily be consistent in these tests. Additional assays are needed to sort out the contributions toward female attractiveness of concentrations and proportions.

Another noteworthy finding was the variability in the responsiveness of males to these compounds. Even under the highest topical dosages of MA some males did not stop courting. This may be the result of diminished odorant receptor expression in males that cannot detect the antiaphrodisiac. Alternatively, a subgroup of males may employ a different mating strategy from the norm and are willing to tolerate sperm competition by indiscriminately courting every female encountered regardless of indicators of recent mating. This can be periodically rewarding as they are likely to be the first to access a female coming out of her refractory period earlier than her release of MA would otherwise indicate. We have also found a small but consistent subset of females that fail to enter into a refractory period, mating multiple times within a short span. Males willing to mate with one of these promiscuous females may benefit by fertilizing at least a portion of her eggs.

Although this is the first recorded instance of a pheromone being utilized as an anti-antiaphrodisiac, such compounds may not be rare. Just as it is likely that the occurrence of antiaphrodisiacs is far more widespread than has been reported due to a lack of thorough investigations ([@bib34]), anti-antiaphrodisiacs may have been overlooked until now because no one knew to search for them. Given the advantages of a two-dimensional chemical signaling system, it is quite likely that this is not the only instance. In fact, the evolution of a controlled antiaphrodisiac expulsion mechanism in *Drosophila* females ([@bib32]), supports the likely occurrence of other such active counter measures to chemical mate guarding.

Materials and methods {#s4}
=====================

Insects {#s4-1}
-------

*L. hesperus* were obtained from an established colony at the USDA-ARS Arid Land Agricultural Research Center (Maricopa, AZ, USA). Colony health and genetic diversity were maintained by periodic outbreeding with locally-caught conspecifics. Insects were reared at 27°C, 20% relative humidity, under a 14:10 hr (L:D) photoperiod. Adults were produced from groups of mixed-sex nymphs reared in waxed paper containers covered with nylon mesh to ensure adequate ventilation and light exposure. Each container was provisioned with approximately 20 g of fresh green bean pods (*Phaseolus vulgaris* L.) and 12 g of artificial diet ([@bib18]) packaged in Parafilm M (Pechiney Plastic Packaging, Chicago, IL, USA) ([@bib36]). Provisions were replaced every 48 hr. Daily monitoring allowed adults to be collected within 24 hr of emergence. Cohorts of same-aged adults were separated by gender and reared under conditions similar to those for nymphs, with the exception that the artificial diet was replaced with raw sunflower seeds (*Helianthus annuus* L.).

Temporal degradation of antiaphrodisiac effect {#s4-2}
----------------------------------------------

A no-choice behavioral assay was used to test male courtship response to females after different time intervals subsequent to their being mated. All males were aged 7--9 days post-eclosion to ensure they were sexually mature and willing to copulate ([@bib11]). They were isolated from the opposite gender throughout adulthood to prevent their behavior towards prospective mates from being influenced by post-mating refractoriness ([@bib41]; [@bib12]), and to guarantee the males were naïve with regard to the odor associated with mated and unreceptive females ([@bib12]). A large cohort of 7d old virgin females were housed with similarly aged virgin males and allowed to mate for six hours. A group of 300 mated females were selected from this pool based on the presence of a visible spermatophore just below the surface of the cuticle ([@bib17]). The attractiveness of these mated females to males was determined at 1, 2, 3, 4 or 5 days after mating. Due to mortality over the test period, daily sample sizes ranged from 47 to 58. Females and males were only used once. During the interval between mating and testing, females were held in isolation in clean 1.5 × 5.0 cm covered glass Petri dishes with a 1 inch section of green bean and two sunflower seeds, which were changed out every other day. To determine post-mating attractiveness, a male was introduced to a female's dish and the pair was observed for 1 hr during which all instances of courtship were recorded. Courtships were distinguished from incidental approaches by characteristic male behaviors indicating the intent to mate ([@bib41]). Females were dissected after each trial to ensure they had previously mated, as indicated by the presence of a spermatophore ([@bib12]).

GC-MS of spermatophore components {#s4-3}
---------------------------------

The identification of myristyl acetate in the spermatophore using GC-MS was previously described ([@bib7]). The same approach was used to identify geranylgeraniol and geranylgeranyl acetate as components of the spermatophore. GGA and GGOH identities were confirmed by additional comparisons of retention times and mass spectra of male Lygus accessory gland extracts and authentic standards.

To determine if there are temporal changes to male-derived pheromonal components after delivery into the female, spermatophore composition was analyzed every 24 hr for 5 days after mating. To produce the spermatophores, adult female and male *L. hesperus*, both aged 7 days, were mated together. Females were then housed in individual Petri dishes, as described above, then dissected at different intervals to remove the seminal depository and the spermatophore. The initial spermatophore sampling occurred within three hours of mating. Subsequent samples were taken every 22--25 hr thereafter. For each sample, five spermatophores were pooled. For each time tested, there were a total of 10 samples. Accessory glands, the source of the pheromones ([@bib7]), were also sampled from virgin 7 day old males, again pooling five per sample and analyzing 15 samples. Tissues were homogenized twice in 200 µl of hexane (Sigma Aldrich, St. Louis, MO, USA) in a conical glass vial (Wheaton Scientific Products, Millville, NJ, USA) using a glass rod, then centrifuged at 1200 rcf. The resultant supernatant was stored in a clean glass vial with a teflon lined cap at −80°C until analysis. Just prior to analysis the supernatant was dried down under nitrogen to an injection volume of 3 µl.

Samples were analyzed using a 7890A Series GC (Agilent Technologies, Sanata Clara, CA, USA) equipped with a 30 m x 0.25 mm Zebron ZB-WAX column (Phenomenex, Torrance, CA, USA) coupled to a 5975 C inert mass selective detector (Agilent Technologies). The helium carrier gas was programmed for constant flow of 1.2 ml min^−1^. Samples were manually injected into the GC port at 250°C using the splitless mode. The oven/column temperature was initially held at 60°C for 1 min, and then increased at a rate of 20 °C min^−1^ to 240°C, where it was held for 35 min. Samples were analyzed using the MS SIM mode using set m/z values for MA (55, 69, 83, 97), GGA and GGOH (69, 81, 93, 107). Total abundance was quantified against standard curves for each compound. The detection limit of the assay is approximately 0.5 pg.

Syntheses {#s4-4}
---------

Hydroxyl groups of 1-tetradecanol (Acros Organics, Geel, Belgium), and geranylgeraniol (Toronto Research Chemicals, Toronto, Canada) were acetylated by acetic anhydride and pyridine to obtain the corresponding acetates ([@bib45]). Myristyl acetate was purified by vacuum distillation using glass oven Kugelrohr (Buchi, Flawil, Switzerland) at 115°C/1 mm, 90% yield, \>98% purity. Geranylgeranyl acetate was purified by column chromatography (SiO~2~/ether:hexane 95:5) 80% yield, 96% purity. Purity was determined by GC (Agilent 6890) with FID detector.

Head space measurements {#s4-5}
-----------------------

Head space samples were collected from four groups of mated females. For each group, thirty females, aged 8--10 days, were mated to virgin males of the same age over a three hour period. Female mating status was confirmed by observation of the spermatophore through the abdominal cuticle ([@bib17]). For each test, 20 females were randomly selected from those mated and were still alive on the day of data collection. Females were placed in a 50 mL volumetric flask stoppered with a rubber septum through which was inserted a solid-phase microextraction fiber (SPME) with an 85 μm Polyacrylate coating (Sigma). Prior to collection, the SPME fibers were preconditioned by heating within the GC injector (250°C) for one hour. Sample collection occurred over a two hour period, either within three hours of mating (Day 0) or every 24 hr thereafter through four days. Samples were immediately analyzed as described above by direct insertion of the SPME into the injection port of the GC-MS. Fibers were kept in the injector port throughout the run. Mating status of the sampled females was subsequently confirmed by dissection. A total of four samples were run for each time period using the same groups of mated females.

Pheromone effects on courtship {#s4-6}
------------------------------

The same behavioral assay as described for testing the attractiveness of mated females was used to test for a dose-dependent effect of myristyl acetate on male courtship. Virgin 7 day old females were topically treated with 1 µl of ethanol (95%) containing myristyl acetate diluted at each of four concentrations (0.5, 5, 50 and 500 ng µl^−1^), or 1 µl of an ethanol control. Males were introduced to the dishes for one hour and instances of courtship recorded. A total of 111 trials were conducted during which all five treatments were run concurrently in separate dishes. Dishes were cleaned between trials.

The same approach was used to determine male courtship responses to virgin female treated topically with the pheromones either individually or in combination. Treatments had 500 ng of each compound in 1 µl of ethanol in the following mixtures: MA, GGA, and GGOH alone, MA with GGA, MA with GGOH, GGA with GGOH, all three combined, and ethanol as control. Fifty trials were run in which the eight treatments were run concurrently using the same cohort of animals.

The efficacy of GGOH as an anti-antiaphrodisiac was also demonstrated by topical treatments and recording male responses. As above, males were exposed to virgin females treated with ethanol, or to newly mated females treated with ethanol or GGOH at concentration of 1 or 10 ng µl^−1^. A total of 100 trials using females of the same cohort were conducted with all four treatments run concurrently in separate dishes.

Statistical analysis {#s4-7}
--------------------

The effect of the topical applications on the attractiveness of females to males was determined by n x 2 χ2-tests comparing the proportion of males exhibiting courtship behavior across all treatments and when significance was indicated individual comparisons between treatments were conducted using 2 × 2 χ2-tests. To reduce the incidence of false negatives, comparisons were made only between treatments and the virgin female control group, not between all treatments. The Dunn-Šidák correction was used to adjust the significance level for multiple comparisons. Analyses were conducted using Sigmaplot 13.0 (Systat Software, Point Richmond, CA, USA). Overall, no data points were excluded as outliers. Biological but not technical replicates were used. Appropriate minimum sample sizes were determined by power analysis for multiple pairwise comparisons, using π = 0.80 with both α and β set to 0.05. Preliminary experiments provided anticipated rates of courtship for mated and virgin females at 15% and 45% respectively.
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The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

This is an interesting and generally well done study on a new and interesting class of insect pheromones: anti-antiaphrodesiacs. Using the plant bug Lygus hesperus the authors show that females convert a male-derived compound (geranyl geranyl acetate; GGA), that is transferred during mating, into geranylgeraniol (GGOH). Using a combination of behavioral and chemical analysis, the authors conclude that female-produced GGOH counteracts the anti-antiaphrodisiac effects of myristyl acetate (MA), another male-derived compound.

While the finding is interesting and novel, there are a couple issues of quantification and analysis that need to be cleared up before the study is ready for publication.

1\) The chemical profile measured from mated females does not completely correlate with the loss of female attractiveness.

[Figure 1](#fig1){ref-type="fig"} shows that mated female attractiveness is still suppressed at 4 days post-mating. However, [Figure 3](#fig3){ref-type="fig"} reveals that by day 4, MA, GGA, and GGOH from the spermatophore transferred to females are each below 0.5 ng. According to [Figure 6](#fig6){ref-type="fig"}, MA is no longer effective as an anti-aphrodisiac at 0.5 ng. Also, according to [Figure 5](#fig5){ref-type="fig"}, equimolar amounts of GGOH to MA are sufficient to counter the anti-aphrodisiac effects of MA. By Day 2 post-mating, GGOH and MA levels in the spermatophore are approximately equivalent yet female attractiveness is still reduced.

While MA contributes to the post-mating female loss of attraction, it may not be the only factor. Similarly, the conversion of GGA to GGOH may have anti-antiaphrodisiac effects but this process alone is not sufficient for restoring female attractiveness. Some discussion of the fact that not all the effects can be accounted for is required.

2\) It is interesting that the addition of GGOH is sufficient to counteract mating-induced loss of attractiveness in newly mated females ([Figure 7](#fig7){ref-type="fig"}). However, females are treated with 500 ng of GGOH. Yet, only approx. 1-1.5 ng is found in the spermatophores from mated females. The amount used for treatment is excessive and makes it difficult to interpret the results. In order for these experiments to be meaningful, the authors need to show a dose-dependency of GGOH and its anti-antiaphrodisiac effects that is within biologically meaningful levels.

3\) Statistical analysis could be improved: (i) why are authors using 2x2 Khi square, and not nx2 Khi square with post-hoc determination of significance?; (ii) why not compar the temporal evolution of the MA, GGA and GGOH concentrations and correlate them with behavioural data?
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Author response

*While the finding is interesting and novel, there are a couple issues of quantification and analysis that need to be cleared up before the study is ready for publication.*

*1) The chemical profile measured from mated females does not completely correlate with the loss of female attractiveness.*

*[Figure 1](#fig1){ref-type="fig"} shows that mated female attractiveness is still suppressed at 4 days post-mating. However, [Figure 3](#fig3){ref-type="fig"} reveals that by day 4, MA, GGA, and GGOH from the spermatophore transferred to females are each below 0.5 ng. According to [Figure 6](#fig6){ref-type="fig"}, MA is no longer effective as an anti-aphrodisiac at 0.5 ng. Also, according to [Figure 5](#fig5){ref-type="fig"}, equimolar amounts of GGOH to MA are sufficient to counter the anti-aphrodisiac effects of MA. By Day 2 post-mating, GGOH and MA levels in the spermatophore are approximately equivalent yet female attractiveness is still reduced.*

*While MA contributes to the post-mating female loss of attraction, it may not be the only factor. Similarly, the conversion of GGA to GGOH may have anti-antiaphrodisiac effects but this process alone is not sufficient for restoring female attractiveness. Some discussion of the fact that not all the effects can be accounted for is required.*

We agree that what we present may not be the entire mechanism involved in regulating female attractiveness and that our data is not completely consistent. We more fully address these issues within the Discussion. We point out that a large part of the perceived discrepancies are likely due to limitations of the available methodology. While the amounts extracted from females ([Figure 3](#fig3){ref-type="fig"}) are accurate in relative amounts, the measures may underestimate the real amounts present in living females because of possible destruction/isomerization and binding of the three compounds when extracted with other oils/fats and chemicals in insect body tissues. This is a potential problem in all studies of chemical extraction from insects. Additionally, male sensitivity to the pheromones is likely to have been underestimated. Although our results suggest that between 0.5 and 5 ng of MA is needed to cause an anti-aphrodisiac effect ([Figure 6](#fig6){ref-type="fig"}), the activation concentration might be considerably lower. Application of the putative pheromones to the external body does not fully mimic the natural situation of release from the female's gonopore. Externally applied chemicals can be rapidly degraded or become bound, leading to an exponential decline in release rate over the span of the bioassay. Further, each chemical will respond differently on the cuticle, causing increasing discrepancies in relative concentrations during the bioassay.

We agree that MA may not be the only factor in post-mating loss of female attraction, but the preponderance of evidence in this and our previous study point to MA as the primary determining factor. We provide some evidence that GGA may contribute to loss of female attraction, and this may be significant at the natural release rates and ratios which are difficult to replicate in bioassays. The loss of MA and GGA certainly contributes in large part to restoring female attractiveness. The conversion of GGA to GGOH within the female would accelerate the process of removing GGA (contributing to restoring female attractiveness) as well as producing the GGOH that would also contribute to restoring female attractiveness. Other processes in the female that removed MA would also contribute to restoring female attractiveness. These issues are now covered more thoroughly in the Discussion

*2) It is interesting that the addition of GGOH is sufficient to counteract mating-induced loss of attractiveness in newly mated females ([Figure 7](#fig7){ref-type="fig"}). However, females are treated with 500 ng of GGOH. Yet, only approx. 1-1.5 ng is found in the spermatophores from mated females. The amount used for treatment is excessive and makes it difficult to interpret the results. In order for these experiments to be meaningful, the authors need to show a dose-dependency of GGOH and its anti-antiaphrodisiac effects that is within biologically meaningful levels.*

We agree that a test of dose-dependency of GGOH on its anti-anti-aphrodisiac effects would be useful for a better understanding. The original dosage of 500 ng was chosen because the compounds could be degraded or bound by cuticular chemicals. It is also a typical quantity compared with many other semiochemicals. We merely wanted to be sure to counter the effects of MA and GGA in newly mated females. However to ensure the acceptability of the results, we have repeated this part of the experiment using topical applications of GGOH on newly mated females with the more biologically relevant dosages of 1 and 10 ng. Even at these lower concentrations, the GGOH was still found to be effective at blocking the anti-aphrodisiac properties of the seminal constituents of newly mated females ([Figure 7](#fig7){ref-type="fig"}).

*3) Statistical analysis could be improved: (i) why are authors using 2x2 Khi square, and not nx2 Khi square with post-hoc determination of significance?; (ii) why not compar the temporal evolution of the MA, GGA and GGOH concentrations and correlate them with behavioural data?*

We have clarified our Materials and methods to reflect that n x 2 chi-square analyses were performed for data in Figures 5 to7 to first determine whether there were significant effects on the proportions of females being courted. Once significance was indicated, individual 2 x 2 analyses were performed, with post-hoc adjustments (Dunn-Šidák correction) for multiple tests. For the data in [Figure 1](#fig1){ref-type="fig"}, each daily test was independent, thus the 2 x 2 chi-square analysis by day was directly applied.

Direct comparisons of the temporal changes in pheromone concentration and behavior was not done because these kinds of data were collected under very different (essentially incompatible) conditions using different sets of animals. Release of these compound is exceedingly difficult to measure because of their volatility and absorption by SPME or other collection methods. Extraction can determine the ratios and amounts reasonably well (except if there is differential component absorption to tissue components) but the comparison in bioassays is again difficult because of the chemical absorption by the cuticle and the exponential decline in release rate of each component and the widely differing volatilities of MA compared to GGA and GGOH. We do weigh the likely link in the temporal information presented in [Figures 1](#fig1){ref-type="fig"}, [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"} during the Discussion.
